Abstract. The importance of gelcasting process is related to producing strong de-mouldable complex shape green bodies through polymerization of monomer in colloidal suspensions. As such, research in modeling of viscosity, stability, casting, polymerization, dispersion and toxicity of colloidal suspension is of particular importance as these factors affect the resultant green bodies. The current study uses a low toxicity gelling systems based on 2-hydroxypropyl methacrylate (HPMA), 2-hydroxyethyl methacrylate (HEMA), and N,N-dimethylacrylamide (DMAA) in the synthesis of copper green bodies through a non-aqueous gelcasting process. The monomers are polymerized in 1,2-propanediol and cross-linked by diethylene glycol diacrylate to form three dimensional network structures that hold the copper particles. Viscosity, polymerization time, flexural strength, and relative density of the resultant colloidal suspension having copper particles suspension are investigated in details. Their flexural strength and density values strongly depend on optimum gelcasting process parameters and the chemical character of the monomer used.
Introduction
Gelcasting is one of the colloidal forming processes used in making high-quality complex-shaped parts in ceramics, metals and composites. [1] [2] [3] This technology attracts attention in the context of porous materials production. 4 The technology has rapidly become a focus in powder forming field due to its distinct advantages over other conventional forming process.
In gelcasting, the homogeneity of materials in finale state is dependent on its green state quality. Polymerization of a monomer in the suspension solution via free radical initiator is the key discovery that enabled the production of strong de-mouldable green bodies. Therefore, a decisive factor to evaluate the suitability of a monomer system to perform gelcasting in the preparation of formulations allows fast consolidation and enhanced green strength. [6] [7] In context of improved green bodies production, several control parameters for polymerization based optimum gelcasting have been studied. These control parameters include content of monomers, amount of initiator and plasticizer. [8] [9] [10] Recently, the focus has shifted to development of new low toxicity gelling options.11 Monomers with acrylate, acrylamide, vinyl and allyl functionality were investigated as substitute for the initial neurotoxicity acrylamide based gelcasting. In addition, the performance of monomers with the aforementioned functionalities has been investigated in production of green 3D objects. [12] [13] In present study, we investigated three examples of low-toxicity gelcasting monomers under nonaqueous medium for the development of gelcasting technique in copper green bodies production. We focus on the gelation time, densities and mechanical strength for comparison among these examples.
Experimental Materials
High-purity spherical copper powder (5N) was purchased from Xingrongyuan Co. Ltd., Chinawith an average particle size of 33.484μm. Table 1 lists the essential components used as raw materials for the experiment. 
Experiment
Gels preparation: Three gelling solutions were prepared by mixing 30% vol. of monomers with 2 % vol. DEGDA in PDO. After adding Initiator/catalyst, the solution was casted into PVC moulds, demolded after 30 min and then dried at 70 °C for 3 hours.
Green bodies preparation:
The copper powder (fixed to 45% vol.), monomer, cross-linker, solvent and dispersant were mixed in ball mill for 1 hour. Polymerization reaction initiated by BPO/DMA (the catalyst amount fixed as half of the initiator) within a PVC molds at temperature of 65/70 °C. The solidified body was de-molded after 30 min and dried firstly for 3 hours at 70 °C, followed by further drying at 130 °C for 3 hours.
Characterization
Rotational viscometer (NDJ 7, YuePing Scientific Instrument Co., Ltd.) was used for viscosity measurements at constant 176 s-1 shear rate. The morphology of pure gels and green bodies were investigated by scanning electron microscope (SEM, JSM 6510, Japan). Flexural strength was determined by the three-point flexure test machine (CMT4365, SANS Institute, China). Archimedes principal was used to determine the green density. Five samples were used to determine the average value of flexural strength and density.
Results and Discussion

Apparent Viscosity
The optimized gelcasting monomer system was investigated in terms of preparation castable copper suspensions. Table 2 illustrates the viscosities of copper slurries (45% vol. solid loading) processed with different monomer systems at a constant shear rate of 176 s-1. A little change in viscosity of copper slurries can be observed by different monomer systems which results as interaction between the copper particles and monomer functional groups. On the other hand, copper slurries processed with DMAA monomer exhibit lower viscosity due to higher slurry stability. 
Polymerization
Green bodies with complex shape and without defects can be prepared by controlled polymerization rate. 14 Polymerization time for different monomer systems as a function of initiator dosage are shown in Fig.1 . In the radical polymerization system, the monomers polymerize in presence of free radicals that were generated when the mean initiator dosage was increased. The initiator dosage in the slurry results in the presence of more free radicals which accelerate the polymerization rate and decrease the idle time. It can be seen from Fig. 1 that solution containing DMAA monomer presents a shorter idle time than HPMA and HEMA. The carbon atom is responsible for polymerization in DMAA monomer, which is more uncovered than HPMA, and HEMA monomers. As such, the radical attack is easier for more uncovered carbon atom of DMAA. 
Microstructure
The essence of the gelcasting process is the use of a monomer solution, which can be polymerized to form a strong 3D polymeric network inside the suspension and allow the powder particles to hold tighter in the shape of the mold. 15 The microstructures of the three-dimensional network results from polymerization of different low toxicity monomer HPMA, HEMA and DMAA are presented in Fig. 2 . The cross-linked polymers of HPMA and HEMA show no significant difference while the DMAA system is found to have more complex network structure with smaller mesh diameter. Fig.  2 (b, d and f) present microstructure of different green bodies proceeded at same copper content (45% vol.). It is observed that copper particles are uniformly distributed among the matrix of DMAA, which forms strong polymeric bridges around them. Specimens prepared with HPMA and HEMA having similar morphologies with inhomogeneity in powder particles distribution were also observed (Fig. 2) .
Strength and Density of Dried Green Body
In order to carry out optimum monomer systems, the influence of processing parameters including monomer content; ratio of cross-linker, initiator and dispersant amount on flexural strength and density of copper green bodies prepared from different monomer systems are presented in Fig. 3 .
The gelled bodies produced from the different monomers systems show a similar variation trend of flexural strength and density according to monomers content variation that increases the flexural strength and density of green bodies with increasing monomer content in the slurry from 15 to 35%.vol ( Fig. 3a and 3b) . High green strength can be achieved by high monomer content as well as green density. Using higher monomer content in preparation of copper green bodies helps to create complete and strong three-dimensional network to hold copper particles tighter (Fig. 2) . The best results are observed for samples containing DMAA as monomer. Green bodies proceeded with DMAA monomer system are distinguished by presence of more complex network structure as compared to systems with HPMA or HEMA that results in highest strength and density (Fig. 3) .
With the increase of monomer/cross-linker ratio, the flexural strength and density of green bodies increases to a maximum value and then decrease gradually in all the samples (Fig. 3) . At low monomer/cross-linker ratio, the three-dimensional network structures of cross-linked polymer gels are incomplete with many cracked network chain, which decreased the flexural strength of green bodies. Similarly, the excessive monomer/cross-linker ratio makes the three-dimensional network structures of gel loose and it results in a decrease in the flexural strength of green body. However, the flexural strength of green body made from the monomers HEMA and HPMA is approximately the same and it reaches maximum at the ratio 10:1. Meanwhile, green body made from DMAA shows higher flexural strength and density which reaches maximum point at ratio 20:1.
The flexural strength and density of green bodies increase with the increase in redox initiated radicals (BPO/DMA) in the slurry and they reach maximum at 0.15 ml and then decrease (Fig. 3) . The highest value of both green strength and density is achieved with samples containing DMAA monomer, meanwhile the HEMA shows lower green strength and HPMA presents lower green density (Fig. 3) . At lower initiator, gelled bodies with poor strength and density are generated due to the lack of sufficient crosslinking of the polymer. By adding large initiator amount to the slurry, gelled bodies with lower strength are produced. This might be due to the presence of too much initiation leading to create network structure with short segments.
An appropriate rheological property of slurry results into a good mechanical properties of green bodies, 16 therefore influence of dispersant on green strength and density of copper was also studied (Fig. 3g and 3h) . From Fig. 3g , the green strength increases significantly by adding the dispersant (PVP) to the solution. This might be due to the homogeneity of the slurry that can be promoted by the dispersant. Higher viscosity slurry can be generated when higher dispersant amount are added which can affect the rheological properties of the slurry and this results in the decrease of flexural strength and density of the green body. According to dispersant amount variation, the flexural strength and density of HEMA, HPMA and DMAA monomer systems show similar variations trends. The highest green strength was measured for DMAA samples as well as green density with samples of HPMA monomer, meanwhile specimens containing HEMA monomer shows lowest green density. 
Conclusions
An optimum gelcasting to produce strong copper green bodies is achieved by adjusting the process parameters in the optimum amounts of 30% vol., 20:1, 0.15 ml and 1.5% wt. for monomer concentration, monomer to cross-linker ratio, initiator and dispersant respectively. 
